Activation of the Wnt signaling pathway promotes lung cancer progression and contributes to poor patient prognosis. The porcupine inhibitor LGK974, a novel orally bioavailable cancer therapeutic in Phase I clinical trials, induces potent Wnt signaling inhibition and leads to suppressed growth and progression of multiple types of cancers. The clinical use of LGK974, however, is limited in part due to its low solubility and high toxicity in tissues that rely on Wnt signaling for normal homeostasis. Here, we report the use of host-guest chemistry to enhance the solubility and bioavailability of LGK974 in mice through complexation with cyclodextrins (CD). We assessed the effects of these complexes to inhibit Wnt signaling in lung adenocarcinomas that are typically driven by overactive Wnt signaling. 2D 1 H NMR confirmed host-guest complexation of CDs with LGK974. CD:
Introduction
Lung cancer is a leading cause of cancer death globally, with nonsmall cell lung cancers (NSCLCs) accounting for approximately 85% of all lung cancer cases [1] . Despite advances in early detection and standard treatment options, the 5-year relative survival rate for lung cancer is only 17%. This is due, in part, to a high proportion of patients either being metastatic at diagnosis or experiencing recurrence after initial surgery or radiotherapy [2] . Metastatic NSCLC is generally incurable, which is largely due to either intrinsic resistance to chemotherapy or acquired resistance after an initial response [3] . Therefore, there is a dire need to better understand the molecular origins of lung cancer and to develop novel therapeutic strategies to prevent and treat this disease.
The most common subtype of NSCLC is lung adenocarcinoma (LUAD), which is driven by oncogenic KRAS in approximately 30% of cases [1] . Effective chemotherapies against LUAD tumors are lacking [4] . Secreted Wnt proteins, which function in the Wnt signaling pathway that controls various biological processes throughout development and adult life, also underlie diseases such as cancer upon dysregulation of this signaling cascade. Wnt signaling is essential for the initiation and maintenance of Braf-driven lung adenomas in mice [5] , and forced activation of this pathway promotes progression of Kras or Braf mutant lung tumors [5, 6] . LUAD, and particularly metastasis, in humans is commonly associated with increased expression of Wntpathway-activating genes and downregulation of negative regulators of this pathway [7, 8] . Recent studies have found that the cells in advanced mouse and human LUAD were heterogeneous and contained at least two cell subpopulations: tumor cells that respond to Wnt proteins, and a supporting cell population in tumors that express the enzyme porcupine. This enzyme adds a lipid chain to the immature form of Wnt and enables the formation of mature Wnt that is secreted from the cell [9, 10] . Wnt binding to the Wnt receptor on tumor cells activated the Wnt signaling pathway, driving tumor progression and proliferative potential [9] . Interestingly, inhibition of ligand-driven Wnt signaling via the porcupine inhibitor LGK974, a recently discovered small molecule inhibitor [11] , suppressed Wnt target genes, inhibited tumor growth and proliferation, and extended survival of mice with advanced LUAD tumors [9] . Thus, inhibition of ligand-driven Wnt signaling holds promise as a potential therapeutic strategy to treat LUAD. The use of Wnt signaling inhibitors in cancer therapy is limited, in part, by a lack of safe and effective drug delivery systems [11, 12] . Wnt signaling plays a critical role in normal tissue homeostasis, including the self-renewal process of the intestinal epithelium. Thus, oral administration of pharmacological Wnt inhibitors induces severe intestinal toxicity in mice and zebrafish [13, 14] . Wnt signaling inhibition specifically via LGK974 oral administration induces intestinal toxicity in mice at a daily dose of 10 mg/kg [11] . Given that oral administration is a major route of small molecule delivery, there is a major need to develop platforms that enable Wnt signaling inhibition within target cells in the tumor niche with minimal intestinal toxicity.
Cyclodextrin (CD) macrocycles are attractive candidates to improve delivery of Wnt signaling inhibitors due to their ability to form inclusion complexes with hydrophobic drugs, as well as improve their stability and solubility [15] . Incorporated in over 35 clinically approved pharmaceutical formulations [16] , CDs have been shown to enhance drug absorption and oral bioavailability [17] as well as facilitate drug transport across physiologic barriers and biological membranes [18] . Furthermore, CD supramolecular affinity for a drug can prolong bioavailability, making them attractive components of controlled release formulations [19] . Herein, a library of CD:LGK974 inclusion complexes was screened for enhanced oral delivery and Wnt signaling inhibition in vivo (Fig. 1) . A novel formulation was identified, through complexation of β-cyclodextrin sulfobutyl ethers (βSBECD) with LGK974 (βSBECD:LGK974), that enhanced LGK974 solubility and stability, increased drug bioavailability in blood upon oral administration, and induced potent Wnt signaling inhibition in LUAD tumor organoids in vitro and in vivo using genetically engineered mouse model-derived LUAD allografts.
Materials and methods

Isolation of primary mouse lung adenocarcinoma cells
Mice bearing KrasG12D/+; Trp53Δ/Δ;Rosa26tdTomato/+ (KPT) murine LUAD tumors were euthanized 12-26 weeks after tumor induction and perfused with S-MEM (Gibco) through the right ventricle of the heart. KPT-LUAD cells were harvested from dissected lungs and cell lines were established as described previously [9] .
Cell culture
Human colon colorectal cell line Caco-2 (ATCC number HTB-37) was obtained from ATCC (Manassas, VA, USA) and cultured in EMEM medium supplemented with 20% (vol/vol) FBS and 1% (vol/vol) PenStrep. KPT-LUAD cells primary cells were cultured in Advanced DMEM/F12 supplemented with gentamicin (Thermo), penicillin-streptomycin (VWR), 10 mM HEPES (Thermo), and 2% heat-inactivated fetal bovine serum.
Reagents
Cyclodextrins (CD): α-cyclodextrin sulfobutyl ethers (αSBECD) and β-cyclodextrin sulfobutyl ethers (βSBECD) sodium salts were obtained from Ligand Pharmaceuticals, Inc. (San Diego, CA). CDs α-cyclodextrin (αCD), β-cyclodextrin (βCD) and (2-Hydroxypropyl)-β-cyclodextrin (HPβCD) were obtained from Sigma-Aldrich (Milwaukee, WI, USA).
LGK974 was purchased from Selleckchem (Cambridge, MA, USA). Hydrochloric acid 37% ACS reagent, carboxymethylcellulose sodium salt (CMC), Tween-80, HPLC grade acetonitrile, trifluoroacetic acid 99% reagent plus, and dimethyl sulfoxide 99.9% ACS reagent were all obtained from Sigma-Aldrich (Milwaukee, WI, USA). Phosphate buffered saline, pH 7.4 was obtained from ThermoFisher Scientific (Cambridge, MA, USA). Deuterium Oxide (D 2 O) was obtained from Cambridge Isotope Laboratories, Inc. (Cambridge, MA, USA).
Fig. 1. Schematic of CD:
LGK974 complexation for oral delivery of Wnt inhibitors in vivo.
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CD:LGK974 complexation
LGK974 complexes were prepared in 20 mL vials at a molar ratio of 10:1 CD:LGK974 in deionized water. The reaction was stirred at room temperature and then adjusted to pH~4-5 with 0.1 N HCl or until the solution was clear. The product was lyophilized into a dry, white powder. To measure complexation of CD:LGK974, complexes were dissolved in DMSO and measured via absorbance (300 nm) in a Safire absorbance plate reader from Tecan Group LTD (Männedorf, Switzerland). Results were compared against a standard curve of LGK974 in DMSO.
2D-NMR
CD:
LGK974 complexes were determined via 2D correlation using a 500 MHz Inova NMR from Varian, Inc. (Paolo Alto, CA, USA). Briefly, CD:LGK974 complexes were dissolved in D 2 O (concentration:~15 mg/ mL) and then 2D 1 H Nuclear Overhauser effect spectroscopy (NOESY, mix time of either 400 or 650 ms, 256 FID) was performed. Complexation and structure were determined by observing the proton cross-peaks between CD (-CH-, 3-4.2 ppm) and LGK974 (aromatic -CH-, 7.7-9.2 ppm).
Isothermal titration calorimetry
Calorimetric titrations were carried out using a VP-ITC Isothermal Titration Calorimetry (ITC) Microcalorimeter (Microcal Company, Northampton, MA, USA) at 25 degrees Celsius. Each titration experiment consisted of 51 successive injections of CD (60 mM) in aqueous solution (pH 4-5) into the reaction cell charged with 1.5 mL of LGK974 (3.0 mM) in a solution of 1% DMSO, with time intervals of 300 s. The first injection (1.0 μL) was discarded to eliminate diffusion effects of material from the syringe to the reaction cell. Subsequent injections were used at a constant volume of 5.0 μL of CD. The time of injection was 2.0 s. The raw data was analyzed using the "one site model" set forth by Microcal Origin 7.0 for ITC after the subtraction of the blank experiment (CD diluted in a solution of 1% DMSO).
Caco-2 diffusion assay
Caco-2 cells were seeded on Millipore Millicell plates (Massachusetts, USA) for~20 days to form a confluent cell monolayer prior to the experiment. On day 20, free LGK974 and CD:LGK974 complexes were added to the apical side of the membrane and the transport of the complexes across the monolayer were monitored over a 2 h time period. Ranitidine was used as low permeability control, warfarin as a high permeability control, and talinolol was used as a control to confirm that the cells are expressing efflux P-glycoprotein. Drug efflux was measured by quantifying the transport of complexes from the basolateral compartment to the apical compartment. The permeability coefficient (P app ) and efflux ratio were calculated from the following Eqs. (1) and (2):
where dQ/dt is the rate of permeation of the complexes across the cells, C 0 is the donor compartment concentration at time zero and A is the area of the cell monolayer (Eq. (1)). C 0 is obtained from analysis of the dosing solution at the start of the experiment. If the P app of the lucifer yellow exceeded 1 × 10 −6 cm/s, it was assumed that the formation of the cell monolayer was unsuccessful or the compound exhibited cytotoxic effects. The % recovery was calculated from the following Eq. 
In vitro lung tumor organoid assay
150-1000 KPT-LUAD cells from established cell lines were mixed in 50% v/v Matrigel (BD) and 50% v/v Advanced DMEM/F12 (Gibco) and plated on 10 μL of Matrigel. The gel was allowed to solidify at 37°C, followed by addition of Advanced DMEM/F12 supplemented with gentamicin (Thermo Fisher Scientific), penicillin-streptomycin (VWR), 10 mM HEPES (Thermo Fisher Scientific), and 2% heat-inactivated fetal bovine serum. For Wnt signaling evaluation, cultures were incubated with 100 nM LGK974 free in solution or within CD:LGK974 complexes every two days (3 treatments total) over the course of one week. To measure uptake and diffusion of calcein in organoids after CD:LGK974 treatment, the medium was removed from organoids and replaced with serum-free DMEM containing 1 μM calcein-AM (Invitrogen). Calcein uptake was observed 2 h post-treatment using fluorescence microscopy. Images were acquired using a Nikon A1R confocal microscope.
qRT-PCR
After in vitro and in vivo treatment, gene expression of Axin2 and Lgr5, which are upregulated in the activated Wnt pathway and downregulated upon Wnt signaling inhibition, was analyzed via qRT-PCR. For in vitro assays, RNA was isolated from cell or tumor samples using an RNAeasy Plus Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer's instructions. cDNA was synthesized from 1 μg of RNA using a SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific). qRT-PCR was performed in triplicates with 2 μL of diluted cDNA (1:10) using PerfeCTa SYBR Green FastMix (Quanta Biosciences (Gaithersburg, MD) on a Bio-Rad iCycler qRT-PCR detection system. For in vivo assays, RNA was isolated using Trizol Reagent (ThermoFischer Scientific, Cambridge, MA) according to the manufacturer's instructions. DNA was digested using RQ1 RNase-Free DNase (Promega, Madison, WI) and cDNA prepared from 2 to 5 μg RNA using GoScript™ Reverse Transcriptase Kit (Promega, Madison, WI). qRT-PCR was performed in triplicates with 1 μL undiluted cDNA using PowerUp SYBR Green Master Mix (ThermoFischer Scientific, Cambridge, MA) on Roche LightCycler 480 Instrument II. Expression was normalized to Actin or GAPDH.
Name
Sequence Purpose
Confocal microscopy
Organoids were labeled with 10 μM EdU for 4 h, followed by the addition of 4% paraformaldehyde (Electron Microscopy Sciences) fixation for 20 min. Fluorescence-based detection of proliferating cells Water solubility was performed using the Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen) according to the manufacturer's protocol. Images were acquired using a Nikon A1R confocal microscope.
Pharmacokinetic studies
All animal procedures were approved by the MIT Institutional Animal Care and Use Committee. Nude mice (Nu/Nu 088) were treated with 10 mg/kg/d of LGK974, CD:LGK974 complexes, or PBS via oral gavage. Blood samples (approx. 50 μL) were collected by tail bleeding at 0, 30, 60, 90, 120 and 180 min of post-dose intervals and were subsequently treated and analyzed with HPLC. All blood samples were collected in heparinized eppendorf tubes (Beckman Coulter). Blood concentrations of LGK974 were measured using an Agilent 1260 HPLC with a Kromasil C18 column (pore size: 300 A, particle size: 5 μm, 4.6 mm × 250 mm). The mobile phase is a gradient mixture of 0.1% TFA and acetonitrile (0-100%) over 19 min at 1 mL/min. Blood samples were prepared by mixing 15 μL of blood sample and 50 μL PBS, then the mixture was added to 100 μL acetonitrile in an Eppendorf tube and was incubated for 10 min. Samples were centrifuged at 10,000 RCF for 10 min, and the supernatant was removed and filtered through a 0.2 μm PTFE filter. Samples were then injected into an HPLC and the LGK974 peak measured at 300 nm absorbance. Peaks were integrated and blood concentrations were determined from a standard curve of LGK974.
For non-compartmental analysis, the area under the concentrationtime curve (AUC) was calculated using a log/linear trapezoidal method from the start of the study (t = 0) to the last sampling point (t = 180 min). Mean residence time (MRT) was calculated by dividing the area under the first moment concentration time curve (AUMC) by the AUC. The maximum plasma concentrations (C max ) were taken directly from the observed data collected from blood samples following treatment.
Wnt signaling inhibition -in vivo luminescence/fluorescence
A KPT cell line was transfected with 7TCF:Luciferase-PGK:Puro lentiviruses Addgene # 24308, which becomes positive for firefly luciferase upon activation of the Wnt pathway [20] . These cells were transplanted subcutaneously into the flanks of immunodeficient athymic nu/nu mice. One week following transplantation, mice were treated with 100 mg/kg D-Luciferin via I.P. administration (Perkin Elmer), and tumor burden was quantified by detecting tdTomato fluorescence using whole-animal imaging with an IVIS system (Perkin Elmer). Wnt signaling activity was quantified by normalizing the luciferase signal generated by Wnt activation to the tdTomato signal generated by the tumor burden. Imaging was performed every 24 h over the course of 1 week. Mice were treated with 5 mg/kg/d of LGK974 resuspended in 0.5% carboxymethylcellulose (Sigma) and 0.5% Tween-80 (Sigma) or CD:LGK974 complexes.
Histological analysis
Intestinal tissue was harvested from mice and fixed in 10% formalin for 24 h and was then processed for paraffin inclusion. Histological sections (5 μm thickness) were stained with hematoxylin and eosin (H& E). Intestinal toxicity was assessed in mice treated with free LGK974 or CD:
LGK974 complexes at dosages of 10 mg/kg/d over 7 days, according to the following criteria: grade 0, normal mucosa villi; grade 1, development of subepithelial Gruenhagen's space at the tip of the villi; grade 2, extension of the subepithelial space with moderate epithelial lifting; grade 3, massive epithelial lifting, possibly with a few denuded villi; grade 4, denuded villi with lamina propria and exposed capillaries; and grade 5, disintegration of the lamina propria, ulceration and hemorrhage [21] .
Results and discussion
Dysregulated activation of the Wnt signaling pathway is a key component of the proliferative potential of various cancers, and inhibition of this pathway has been shown to slow tumor growth [22] . However, the therapeutic potential of Wnt signaling inhibition has been limited due to a lack of therapeutic agents that target the Wnt signaling pathway. Recently, a potent and specific small-molecule porcupine inhibitor, LGK974, was discovered and shown to induce potent Wnt signaling inhibition [11] .
LGK974 is currently in Phase I clinical trials [23] and is a potentially promising strategy for targeting Wnt-driven cancers [11] . Recently, LGK974 has been shown to inhibit lung cancer growth and prolong survival of tumor-bearing mice [9] . However, LGK974 is a hydrophobic drug that is poorly soluble in aqueous environments [11] , which limits its clinical use and induces toxic effects upon administration [11, 13, 14] . Cyclodextrins (CD) are known to enhance both solubility and bioavailability of hydrophobic drugs by forming inclusion complexes, and they have also been used to enhance the physicochemical stability of molecules through complexation [24] . The drug LGK974 sequesters itself in the hydrophobic CD interior, while the more hydrophilic CD exterior is exposed to the aqueous environment (Fig. 2) . This enhances the solubility of LGK in aqueous solvent systems, increases in vivo bioavailability, and enhances Wnt inhibition of lung tumors. In addition, the ability of CDs to enhance the transport of drugs through biological membranes [17] may reduce gastrointestinal toxicity by decreasing overall drug retained in the intestinal lumen.
CD:LGK974 complexation
To improve solubility and enhance oral delivery, LGK974 was complexed with a range of CDs (αCD, αSBECD, βCD, HPβCD, βSBECD). CDs form inclusion complexes with hydrophobic drugs, improve stability and solubility [15] , enhance drug absorption and oral bioavailability [17] , as well as facilitate drug transport across physiological barriers and biological membranes [18] . LGK974 was complexed with CDs at a molar ratio varying between 1:1 and 1:10 (CD:LGK) in water under acidic conditions (pH = 4-5). We hypothesized that acidic conditions protonate the secondary amine on LGK974 (non-ionized form) and enable complexation with CDs. LGK974 was less hydrophobic when deprotonated at higher pH, and this ionized form did not readily complex with CDs. All CD:LGK974 complexes were soluble in aqueous solution except for βCD:LGK974, due to the known low solubility of unmodified βCD [25] . However, modified βCDs (HPβCD and βSBECD) formed soluble complexes with LGK974 due to the presence of hydrophilic 2-hydroxypropyl or sulfobutyl ether groups on CDs, respectively. In most cases, the interactions between host and guest molecules occur by guest insertion through its less polar part into the CD cavity. The more polar and charged group is placed outside of the host cavity, and thus is exposed to the bulk solvent to interact with the hydroxyl or sulfobutyl ether groups. Both of these groups increase the hydrophilicity of βCD, but the sulfobutyl ether modification shows greater complexation strength. We speculate that this is because the sulfobutyl ether has a nonpolar 4 carbon alkane portion that can interact with hydrophobic drugs through Van-Der-Waals forces. Alternatively, the shorter 2-hydroxypropyl lacks an equivalent nonpolar region for this interaction, resulting in a weaker complexation.
To characterize the host-guest interactions and to gain insight into the molecular interactions between CDs and LGK974, 2D NOESY NMR was performed (Fig. 3) . 2D NOESY NMR provides data consisting of intermolecular NOE correlations between hydrogens of different species [26] . Intense cross peaks were found between aromatic hydrogens of LGK974, and H3 and H5 hydrogens located in the CD cavity. Analysis of the cross-peaks demonstrated structural differences between the α-and βCD complexes (Fig. 3a) . The βCD complexes had more interactions with LGK974 than the αCD complexes, likely due to their larger ring size (Fig. 3b-c) . Based on 2D NMR, an inclusion arrangement of the aromatic rings of LGK974 inside the CD cavity is likely (Fig. 3b-c) . These results indicate that CDs and LGK974 effectively form supramolecular complexes. These complexes are soluble in water and could be an alternative to the standard preparation for oral gavage, which requires surfactants and sonication to produce a suspension that remains insoluble [9, 11, 27, 28] .
In addition to the spectroscopic methods described here, further theoretical studies, such as the semi-empirical method and the density functional theory (DFT), would provide valuable information on the formation of the inclusion complexes. Further, these studies can predict the most probable and stable arrangements of the complexes [26] . These theoretical calculations are important to assess the molecular mechanics of the CD:
LGK974 complexes and to demonstrate a variety of guest inclusion possibilities to predict the most stable CD:LGK974 complexes.
Complexation constant, stoichiometry, and complexation enthalpies
The interaction mechanisms of CDs with LGK974 were studied using isothermal titration calorimetry (ITC). ITC measures the thermodynamic changes of host-guest interactions, such as CD:drug complexes, and determines the strength of interaction (complexation constant) and stoichiometry in solution [29, 30] . The average stoichiometry N of the complex in solution and its thermodynamic parameters of interaction (enthalpy ΔH o , entropy ΔS o , complexation constant K complex ) were determined.
The sigmoidal profile obtained for the titration process allowed the fitting of the experimental data to a Wiseman isotherm and showed the molar partial enthalpy of injection (Δ inj H o ) of the CD. In this experiment, 60.0 mM CD was added into 1.5 mL of 10 mM citrate buffer (blank) or into 1.5 mL of 3.0 mM LGK974 (titration) (Fig. 4 ). An equivalence point at a molar ratio of approximately N = 1.18 for HPβCD:LGK974 and N = 0.664 for βSBECD:LGK974 in the sigmoid curves suggested the occurrence of a 1:1 stoichiometry; however, this does not necessarily exclude the possible existence of other stoichiometries for the inclusion complexes at chemical equilibrium.
Based on the 1:1 stoichiometry, the complexation constant calculated from the ITC experiments, K complex1:1 , which refers to the formation of a CD:LGK974 complex, can be described by Eq. (4):
The interaction between βSBECD and LGK974 is an exothermic process cooperatively accompanied by an entropy increase, leading to an especially strong interaction between the two species (K complex1:1 = 1720 ± 156 M −1 ) compared to other CD:guest systems [29] [30] [31] . The interaction between HPβCD and LGK974 is also an exothermic process, but the complexation constant (K complex1:1 = 170 ± 5.49 M −1 ) is measured to be 10 times lower than that of βSBECD:
LGK974, indicating a weaker host:guest interaction. The stronger intermolecular interactions may be due to stronger intermolecular interactions of LGK974 with the sulfobutyl ether groups on βSBECD compared with the hydroxypropyl groups on HPβCD. The positive entropy change for both is associated to the high desolvation of the molecules with a consequent gain of translational and rotational degrees of freedom by the water molecules [29] . Collectively, these data along with the NMR results suggest the spontaneous formation of CD:
LGK974 supramolecular complexes.
Caco-2 permeability assay
To assess the absorption of drugs across intestinal epithelium, we measured the transport of LGK974 and CD:LGK974 complexes across monolayers of the Caco-2 intestinal epithelial cell line (Fig. 5) . The Caco-2 cell assay is an established in vitro model used to determine the permeability of compounds and to predict their oral absorption in vivo [32] . Apical to basolateral (A → B) and basolateral to apical (B → A) permeability across Caco-2 monolayers was investigated for CD:LGK974 complexes and free LGK974. Both free LGK974 and CD:LGK974 exhibited high permeability across Caco-2 monolayers, despite the low solubility of LGK974. The permeation of the drug across Caco-2 monolayers (B → A) was increased following complexation with CD in comparison to free LGK974, which resulted in a significant increase of the efflux ratio of CD:LGK974 (Fig. 5) (P < .05, P < .01). However, all CD:LGK974 complexes have an efflux ratio lower than 1 and are not subject to active efflux. The integrity of monolayers was tested by measuring transepithelial electrical resistance (TEER) with lucifer yellow transport as a control [33] . The TEER values did not decrease significantly after treatments with free drug or CD complexes, indicating that the treatment was nontoxic to Caco-2 monolayers. In summary, these results demonstrate that CD:LGK974 complexes showed high bidirectional permeability across Caco-2 epithelial monolayers, with minimal toxicity to intestinal epithelial cells.
In vitro organoid Wnt inhibition
The Wnt signaling pathway is crucial for the maintenance of the proliferative potential of lung adenocarcinomas [9] . Active Wnt signaling induces the transcription of Axin2 and Lgr5, and the suppression of these transcripts is indicative of Wnt inhibition [34, 35] . To assess the effect of CD:LGK974 treatment on Wnt inhibition in vitro, we isolated primary KPT-LUAD cells and established low-density 3-dimensional (3D) tumor organoids (Fig. 6) , which better recapitulate Wnt signaling in vivo [9] . CD:LGK974 complexes were able to suppress Wnt signaling activation at a concentration of 100 nM. KPT-LUAD organoids treated with CD:LGK974 had decreased expression of Axin2 transcripts compared to PBS-treated controls (Fig. 6a) . However, there was no significant difference in Axin2 (Fig. 6a) and Lgr5 (Fig. 6b ) transcripts between CD:LGK974 complexes and free LGK974 treatment in vitro. Collectively, these results indicate that CD:LGK974, specifically βSBECD:LGK974 and HPβCD:LGK974, induce potent Wnt signaling inhibition in tumor organoids in vitro.
Diffusion in CD:LGK974 treated organoids
We hypothesized that potent Wnt signaling inhibition in CD:LGK974 treated tumor organoids was due to enhanced permeation of LGK974 throughout the organoids, as CDs have been shown to enhance drug transport across biological barriers and membranes. To investigate whether CD:LGK974 enhances drug uptake and diffusion in organoids, CD:LGK974 treated KPT-LUAD organoids were labeled with calcein-AM, a substrate of the efflux transporter P-glycoprotein, that is used to quantify drug uptake and diffusion in 3D cell culture [36] . Uptake and diffusion of calcein-AM was enhanced after treatment with CD:
LGK974 complexes compared to free drug (Fig. 6d-e) . Of note, βSBECD:LGK974 and HPβCD:LGK974 treatment significantly increased Calcein-AM uptake in KPT-LUAD organoids compared to other treatment conditions (Fig. 6d-e) . Increased Calcein-AM uptake in organoids due to CD treatment could be due to two factors: modulation of P-glycoprotein drug efflux pumps on tumor cells, and tumor cell membrane instability. Treatment with CDs has been shown to negatively modulate P-glycoprotein drug efflux pumps in enterocytes [37] . Given that P-glycoproteins are overexpressed in a range of solid tumor types and contribute to drug resistance [38, 39] , it is possible that CD:LGK974 treatment increases uptake in tumor cells by negatively modulating P-glycoprotein drug efflux pumps. In terms of permeability, CDs have been shown to induce cell plasma membrane instability through the removal of hydrophobic compounds such as cholesterol [40] [41] [42] . Therefore, CD:LGK974 treatment could potentially induce membrane instability in tumor organoids, thereby increasing drug uptake. Future studies will investigate the mechanisms of CD:LGK974 intracellular delivery.
Pharmacokinetic studies
To investigate the in vivo bioavailability of LGK974 or CD:LGK974 complexes, nu/nu mice were treated via oral gavage at 10 mg/kg with free LGK974, αSBECD:LGK974, HPβCD:LGK974 or βSBECD:
LGK974. Blood samples were collected over the course of 120 min post-injection and were analyzed by HPLC using the absorbance at 300 nm. Blood concentrations were measured using the area under the curve (AUC) and were plotted as a line graph (Fig. 7a ). Mice treated with either HPβCD:LGK974 or βSBECD:LGK974 showed significantly increased LGK974 concentrations in blood (P < .05) compared to mice treated with free LGK974 or αSBECD:
LGK974 at 30-60 min post-injection. Further, the calculated AUC and AUMC of both HPβCD:LGK974 and βSBECD:
LGK974 were more than two times higher than free LGK974, as reported in the supplementary material (Table S1 ). These results suggest that these modified CD complexes substantially increase LGK974 oral bioavailability, which could reduce the dosages necessary to inhibit Wnt signaling and reduce intestinal toxicity.
Wnt signaling inhibition -in vivo luminescence/fluorescence
To investigate the effect of CD drug complexes on Wnt inhibition in vivo, mice bearing allograft KPT-LUAD tumors were treated with free LGK974, HPβCD:LGK974, or βSBECD:
LGK974 via oral gavage administration. Mice bearing allograft KPT-LUAD tumors were used, as it was previously shown that the Wnt pathway is activated in autochthonous LGK974 solubility in PBS.
KPT-LUAD tumors in vivo [9] . In this regimen, mice were treated with a 5 mg/kg/d dose of LGK974 over 1 week. In vivo treatment with CD:
LGK974, in particular βSBECD:
LGK974, significantly reduced expression of Wnt target genes Axin2 (Fig. 7e) and Lgr5 (Fig. 7f) compared to free LGK974 (P < .05 and P < .001, respectively) and control treatments (P < .001). Wnt signaling inhibition was also measured in mice bearing allograft KPT-LUAD tumors via whole-animal bioluminescence imaging. Treatment with CD:LGK974 complexes induced Wnt signaling inhibition as measured via decreased bioluminescence (Fig. 7 b-d) . Specifically, βSBECD:LGK974 treatment significantly reduced bioluminescence in tumor-bearing mice compared to free LGK974 and PBS-treated mice (P < .05 and P < .001, respectively), which is indicative of reduced Wnt signaling. βSBECD:LGK974 treatment significantly reduced in vivo bioluminescence compared to all other treatment regimens ( Fig. 7 b-d) , possibly due to a stronger host:guest interaction that enhances drug transport across the intestinal barrier.
In vivo toxicity
Wnt signaling is essential for intestinal tissue homeostasis and epithelial tissue regeneration [43] . While LGK974 treatment has been shown to be well-tolerated at lower dosages, continuous, high dosing of LGK974 may induce loss of intestinal epithelium in vivo [11, 27] . We hypothesized that CD:LGK974 complexes reduce LGK974-induced intestinal toxicity upon oral administration. To assess the degree of intestinal toxicity due to CD:LGK974 treatment, mice were treated with free LGK974 or CD:LGK974 complexes at dosages of 10 mg/kg/d over a 7 day period, after which the intestinal mucosal damage was evaluated via histopathological scoring [21] . Intestinal mucosal damage was observed in mice treated with free LGK974 (Fig. 8 ), but CD:LGK974 complexes were well-tolerated without significant intestinal damage at identical dosages ( Fig. 8, P < .001) . These experiments suggest that CDs reduce the intestinal toxicity associated with high doses of LGK974. While the exact mechanism behind reduced toxicity requires further studies, the high binding strength of βSBECD to LGK974 could LGK974. Organoids were incubated with 1 μM calcein-AM and fluorescent images were taken 2 h after incubation at 37°C and 10% CO 2 . Data are mean ± s.d.; one-way ANOVA with posthoc Bonferri (b); * P < .05; ** P < .01; *** P < .001 compared to control group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) potentially reduce direct interactions between the drug and the intestinal epithelium. Additionally, enhanced drug transport across this barrier due to drug complexation with CDs could reduce the amount of drug remaining within the intestine, thereby reducing overall intestinal toxicity [18] .
Conclusion
The development of CD:LGK974 complexes via host-guest chemistry enhanced oral delivery and induced potent Wnt signaling inhibition in lung cancer organoids and in tumor-bearing mice, with reduced toxicity compared to free drug. CD:LGK974 complexes increased LGK974 bioavailability and enhanced Wnt signaling inhibition in mice bearing lung adenocarcinoma allografts. The exact mechanism behind increased bioavailability and inhibition of Wnt signaling in vivo via the lead CD:LGK974 complex, βSBECD:LGK974, will require further study. However, we speculate that increased bioavailability and Wnt signaling inhibition with this complex is potentially due to stronger interactions with LGK974 compared to other CDs, which was confirmed via ITC. Stronger interactions between LGK974 and βSBECD could serve to (i) enhance drug transport across the intestinal barrier, thereby increasing drug bioavailability and uptake in tumors, (ii) shield the drug from direct interactions with the intestinal epithelium, to reduce toxicity and enabling higher dosing, and (iii) reduce the amount of drug remaining within the intestine upon oral administration.
While the current study investigated Wnt signaling inhibition in mice bearing allograft lung tumors, the development of CD:LGK974 complexes could enable more continuous and higher doses of Wnt signaling inhibitors in a range of mouse models of cancer with reduced side effects compared to free drug. This would enable further fundamental studies on the role of Wnt signaling in cancer progression in vivo. Given that LGK974 is currently being evaluated in phase I clinical trials [23] , the development of these complexes could potentially enable safer, repeated oral or parenteral administration of Wnt inhibitors to lung tumors in vivo, as a means to treat lung cancer either alone or in combination with therapeutics currently utilized in the clinic. , b) ; One-way ANOVA (e,f) * P < .05; ** P < .01; *** P < .001 compared to control (b, e, f) and LGK974 group (a, e, f).
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